Heat generated during rock drilling, due to friction at the bit-rock interface. Due to which temperature increases, which can influence the thermal stress and subsequent rock failure. In this paper, an attempt is made to present results related to the temperature assessment during rotary drilling of rocks on medium-grained sandstone under controlled laboratory conditions. The experiments were conducted by using embedded thermocouple technique, the thermocouple was placed at a distance of 0.5mm (horizontal) from the bit-rock interface. The influence of operational parameters, i.e., the diameter of the drill bit, spindle speed and rate of penetration of rise in temperature was studied using multiple regression and data analysis was carried out using analysis of variance (ANOVA). The temperature was measured by using embedded thermocouple technique at a depth of 6mm, 14mm, 22mm and 30mm respectively. Regression models were developed for the prediction of temperature at the bitrock interface. It was observed that the increase in temperature for medium-grained sandstone was from 49 0 C to 74 0 C (51.08%) with an increase in the diameter of the drill bit, spindle speed and rate of penetration.
INTRODUCTION
Drilling is one of the most efficient energy consuming technology processes in conducting exploration works. Nearly 80% of the energy supplied to the bit is used for heat release in terms of temperature, 1.5 to 10% for the residual changes of the bit and 3 to 5% for the destruction of rocks [1] . Temperature of the bottom hole surface increases as drilling progresses, such increase is approximately similar to the temperature variation of the flank face [2] . Heat from the rock cutting process instantly flow first to carbide insert, into the rock and the atmosphere. But the heat transfer to the atmosphere is negligible when compare to carbide bit and rock sample. Hence the conduction will take place both in rock and carbide insert assumed to be same [18] . To measure the temperature between the interface of the bit and workpiece, two type of thermocouple methods are used, i.e., welding thermocouple in bit and embedding wire in the samples, so it would form a hot junction, but the thermal inertia of welded thermocouples is high. To measure temperature with respect to better time response, a limited number of thin-wire, thermo-junction measurements to provide a transient temperature measurement data were recorded [3] . Large diameter probe, the slower was the rise in temperature this is because thicker probes had more epoxy resin filling, which delayed heat transfer from the line heat source of soil and rocks [17] . Temperature measurement with respect to time is generally a limited factor, when transient temperature changes need to be measured in solids. This technique is easy and provides an important complement to other non-contact techniques [4] . To determine the temperature at bit surface is not determined simply by a weight on bit and penetration rate, the flow resistance of grease also affects the drilling process with high temperature formation. The bearing temperature within the bit is increasing continuously during drilling [5] . To measure the pick-rock interface temperature by using copper-constantan thermocouple was introduced into the tool, the response like force, rate of penetration and depth of cut for soft and hard rock's the maximum temperature range is 2360C and 9200C [6] . Sensors are receiving heat based on the point of installation and the stabilized measurement is based on the response time [16] . Many techniques were developed to measure and observe temperature were broken in rock cutting/drilling area with small modifications but major advances of measurement techniques are still necessary to further efficiencies measure of thermal and mechanical factors [7] . A 45 MPa Indiana limestone used to perform the drilling experiment by considering the penetration to measure the temperature using RTDs to validate the accuracy of the model and the error between the predicted and the measurement values was found to 1.26 0 C. [15] . A model has been developed to predict the temperature in the work piece. Out of 54 different conditions, 10 were out of the predicted range. Hence the predicted model is reasonably good for measurement of work piece temperature [8] . Laboratory scale drilling machine tests were carried out to compare the different materials such as SMART CUT (PDC) and WC as a tool to determine the temperature in quantify the frictional heat using embedded thermocouple technique [9] .
As per the previous literature, resistance temperature detector was used to measure the temperature during rotary drilling [15] . In the present study, an attempt is made to implement a newly fabricated grounded thermocouple introduced in to the rock sample to measure the temperature during rock drilling. The influence of operational parameters such as drill bit diameter, penetration rate and spindle speed on temperature rise were discussed and it gives a benchmark to adopt embedded thermocouple technique and also in order to determine the effect of operational parameters on performance of the drill bit.
ROCK SAMPLE AND EXPERIMENTAL INVESTIGATION

Rock sample
Investigations were carried out on medium-grained sandstone core samples of 54mm diameter with 135mm length as per ISRM standard and shown in Figure. 3(a) . Both the ends of the samples were made parallel to each other. In the experimental procedure used by [8] , the thermocouples were located at varying distances of 1.6mm, 3.2mm and 4.8mm from the bit-work piece interface, depth of 2.5mm and 5.0mm respectively in the sample. In the present study, the 3mm diameter hole was made on the surface of the rock sample called as thermocouple hole, the K-type thermocouples are inserted in to it. Several experimental difficulties were encountered, while making holes on the surface of the core samples. The main problems are location of the thermocouples in the horizontal distance and the hole diameter. With the available facilities 3mm diameter hole was selected. If the hole diameter is minimum the heat transfer can be taken place easily. It was extremely difficult to drill a hole in a rock sample with drill bit diameter smaller than 3mm.
Experimental investigation
Experiments were performed on CNC (BMV 45T20) vertical drilling machine and shown in Figure. 1. The temperature at the bit rock interface was measured by a new thermocouple configuration, K-type chromel -alumel thermocouple (grounded) with an upper limit temperature of 1200 0 C was designed and fabricated and shown in Figure 2 (a) & (b). Based on trials, four thermocouples were used for one test condition, around 125 test conditions were conducted with different drill bit diameter, spindle speed and rate of penetration. The thermocouples (4 No's) were placed one below the other, horizontally from the top of the rock sample at a distance of 6mm, 14mm, 22mm and 30mm respectively and shown in Figure. 3(a). In such a way that head of the thermocouple is 0.5mm away from the bit-rock interface and shown in Figure. 3 (b). The detailed specification of the drill bit and operational parameters range is shown in Table 1 . Before measuring the value of temperature all the thermocouples were checked and calibrated properly. Experiments were performed without any cooling method.
Newly fabricated grounded thermocouple (K-type). The thermocouple wire of 0.5mm diameter is inserted in to the 3mm diameter sheath material made up of stainless steel (25% chromium and 20% nickel). The wire is physically contact with the sheath material to transfer heat from the rock sample to the tip of thermocouple. As the sheath material had a high thermal conductivity in nature, heat can easily transfer from sheath material to thermocouple wire. Hence the grounded thermocouple is in physically contact with the rock sample to measure the bit-rock interface temperature. It is found that, the thermocouples are best for high temperature measurement and it is suitable for rock drilling operations. In general thermocouples are economical than RTD's. Installation of this type of thermocouples is very easy and replacement can be made at any stage. So, grounded thermocouple can be used for measuring bit-rock interface temperature and acquire the knowledge of thermal environment of the rock formations. 
RESULTS & DISCUSSION
The results obtained during rock drilling experiments are shown in Table 4 -6. The influence of depth of drill, drill bit diameter, spindle speed and penetration rate of drilling temperature were investigated. After performing the experimental analysis, Analysis of variance (ANOVA) was performed to find out the significant parameters affecting an increase in temperature and shown in Table 2 . Multiple regression analysis was also carried out to obtain the relationship between the operational parameters (drill bit diameter, spindle speed and penetration rate) and temperature at different depth of thermocouples and shown in Table 3 .
Statistical modeling of temperature
Regression model was developed for temperature with respect to each depth of thermocouples position. In this method to observe realistic models, a backward elimination method was used as the test procedure. ANOVA was performed for bit-rock interface temperature, corresponding to thermocouple positions (6 mm, 14 mm, 22 mm, and 30 mm) with significant of 95% confidence interval. Influence of the parametric level of the temperature produced were compared using (ANOVA) with Minitab 17, where the Pvalues equal to or smaller than 0.05 were considered to be statistically significant and corresponding data is shown in Table 5 . Multiple regression models to predict temperature for various depths of thermocouple are as follows (Eqs. (1) - (4) 
Influence of depth of drill on temperature
Influence of depth of drill on bit-rock interface temperature was studied and a range was selected from 6mm to 30mm. Generally, as the depth of drill increases, it causes an increase in drilling temperature. This is because of the energy required to drill the rock is proportional to the amount of new surface area produced [9] . It is also noted that the average maximum drilling temperature increased is about 18.75% from 48 0 C to 57 0 C when the depth of the drill increased from 6mm to 14mm. However when the depth of drill increased from 22mm to 30mm, the drilling temperature rise only about 12.12% from 66 0 C to 74 0 C and shown in Figure 4 . This may partly because of specific energy was reaching a saturated value with the increasing depth [10] . 
Figure 4. Effect of depth of thermocouples on rise in temperature
Influence of drill bit diameter on temperature
Influence of drill bit diameters on temperature rise was studied and shown in Figure. 5 It has been found that the temperature increased with increase in drill bit diameter from 6mm to 16mm. It may be due to the contact surface between the bit-rock interface increases as the bit diameter increases, which leads to increase in volume removal rate and thermal resistance [14] . Figure 5 . Effect of drill bit diameter on rise in temperature for different depth of thermocouples
Influence of penetration rate on temperature
The effect of penetration rate on temperature and shown in Figure. 6. Drill bit diameter and spindle speed was kept constant to analyze the effect of penetration rate. The temperature increases significantly with increasing rate of penetration from 2mm/min to 10mm/min. It may be due to increase in the penetration rate, causing increases in volume removal rate, thermal stress and heat generation [11] . Figure 6 . Effect of penetration rate on temperature for different depth of thermocouple
Effect of spindle speed on temperature
Influence of spindle speed on temperature and shown in Figure. 7. The temperature increases with increase in spindle speed from 250 rpm to 450 rpm. It is due to the high contact area [12] . It is evident that heat flow in the bit and rock are increased due to clogging of dust and chips in between the interface, also more frictional force and shearing energy between the bit-rock interfaces, hence the drilling temperature increases. Figure 7 . Effect of spindle speed on rise in temperature for different depth of thermocouple Figure. 8 (a)-(d) shows that main effect plots of the operating parameters. The highest slope tends more significant in the model. The steeper the slope of the line in this investigation is penetration rate followed by drill bit diameter. The results of the statistical analysis showed that the drill bit diameter and penetration rate have the more influencing parameter on temperature rise, followed by the spindle speed, because the area of the rock contact with bit surface is more from smaller drill-bit to larger drill-bit. The thermal energy required is also more. The results show that the effect of penetration rate followed by the bit diameter and spindle speed has a similar effect, where the temperature increases exponentially with an increase in all three parameters. 
Main effect plots
Validation of predicted models
The statistical results of the medium-grained sandstone models are given in Eqs. (1-4) . To realize the predicted ability of the derived models, the scatter diagrams of the predicted and measured data were plotted and shown in Figure. 9 (a-d) . Plots show that, the predicted value using regression models are very close to the of measured temperature data. When this happens most of the point lying on the line indicates an exact prediction. These results indicate that multiple regression models suggesting that the models are reasonably good [13] . And also in the confirmation of experiments, different operational parameters for drill bit diameter (4mm, 18mm), spindle speed (200rpm, 500rpm), penetration rate (2mm/min, 10mm/min) were considered with a selected range and shown in Table 7 . 
SUMMARY AND CONCLUSIONS
In this paper, a new experimental technique has been introduced for the measurement of temperature during rock drilling operation and equivalent statistical models have also been developed for measuring temperature. Effects of operational parameters on the rise in temperature at different depth of thermocouples between the bit-rock interfaces were investigated. From the present study it was concluded that the temperature increased by 51.08% from 49 0 C to 74 0 C, with an increase in rate of penetration, spindle speed and diameter of the drill bit. Regression models for prediction of bit-rock interface temperatures were developed. Predicting performance of the given model is good and a confidence interval of 95%, predictive interval was statistically significant within the expected range.
Temperature rise during continuous drilling of mediumgrained sandstone. It was concluded that the bit-rock interface temperature concerning drill bit diameter (6mm to 16mm) temperature increased around 27.30%. The bit-rock interface temperature concerning penetration rate (2mm/min to 10mm/min) temperature increased around 54.72%. The effect of bit-rock interface temperature concerning spindle speed (250rpm to 450rpm) temperature increased is around 2.3% was smaller than that of the drill bit diameter and penetrationrate. Hence penetration rate is the most infuencing parameter followed by the drill bit diameter and spindle speed. 
